The discovery of high-temperature superconductivity in the fluoride-doped arsenide oxides REFeAs(O 1−x F x ) (RE = early rare earth element) with transition temperatures as high as 55 K has led to a true renaissance in superconductivity research. These arsenide oxides constitute a rather small fraction of a much larger family of compounds with the tetragonal ZrCuSiAs-type structure (space group P4/nmm), among them pnictide oxides and fluorides, chalcogenide oxides and fluorides as well as silicide and germanide hydrides. Besides the spectacular superconductivity, these materials have further interesting properties with respect to magnetic ordering, transparent semiconducting behavior or optical properties. The crystal chemical and chemical bonding peculiarities as well as the broadly varying physical properties are reviewed herein.
Introduction
The quaternary silicide arsenides ZrCuSiAs and HfCuSiAs have been reported in 1974 by Johnson and Jeitschko [1] . This structure type is tetragonal, space group P4/nmm, with two formula units per cell. A similar atomic arrangement has been observed for the ternary silicide HfCuSi 2 [2] . These compounds can be considered as filled-up variants of the PbFCl [3 -5] type structure. The latter derives from the Cu 2 Sb type. More than 260 binary and ternary intermetallic compounds with this structure are listed in the Pearson Handbook [6] . Compounds with Cu 2 Sb-type structure show different coordination and chemical bonding patterns depending on the size or valence of the constituting elements and have been reviewed by Pearson [7] .
Further representatives of the ZrCuSiAs type were described in 1980 by Palazzi et al. [8 -10] . They reported the sulfide oxides LaCuSO and LaAgSO and investigated the silver ion conductivity. Afterwards, many other sulfide and selenide oxides have been reported. This family of compounds has attracted considerable interest in recent years since Ueda and coworkers reported that LaCuSO has an optical band gap of 3.1 eV and exhibits p-type electrical conductivity [11, 12] . These materials have potential application as p-type transparent semiconductors.
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In parallel to the sulfide oxides, several rare earth (RE) based pnictide (Pn) oxides were reported by the group of Jeitschko [13 -20] . These compounds were first believed to be ternary pnictides [21] , however, careful synthesis yielded pure pnictide oxides. These pnictide oxides can be described with the electron precise formulae RE 3+ T 2+ Pn 3− O 2− (T = late transition metal). Indeed, several of these compounds are transparent with yellow to dark red color, and they have been studied with respect to their optical properties [22, 23] . LaFePO [24, 25] and LaNiPO [26, 27] show superconductivity below 3.2 and 4.3 K, respectively.
Outstanding in this family of compounds are the arsenide oxides which can be doped with fluoride, leading to solid solutions RET AsO 1−x F x . This doping induces transitions to superconductivity at comparatively high temperatures, e. g. T C = 26 K for LaFeAsO 1−x F x (x = 0.05 -0.12) [28] . Most recently an even higher transition temperature of 52 K has been reported for the corresponding praseodymium system [29] . Since that discovery in March 2008, numerous new contributions are published daily on the preprint server of the Cornell University Library (arXiv.org). A short highlight on the recent developments has been published recently [30] .
So far more than 150 representatives have been reported for the family of ZrCuSiAs-type compounds (Table 1) . The latter display a broad crystal chemical variety and different patterns of chemical bonding. The compounds have outstanding physical properties in the fields of magnetism, superconductivity, and transparent semiconductors, and a great potential for applications. The crystal chemical details and the recent developments regarding the physical properties are reviewed herein.
Synthesis
The compounds listed in Table 1 were synthesized via different techniques, depending on whether polycrystalline samples or small single crystals were required.
The phosphide oxides were first obtained during syntheses of ternary rare earth (RE)-transition metal (T )-phosphides using the tin flux technique [21, 31] , most likely due to surface contamination of the rare earth filings. Starting materials for these reactions were the elements using a large excess of tin as flux medium and silica tubes as crucible material. Since several of the phosphide oxides have remarkable stability, the tin matrix can be dissolved in moderately diluted (1 : 1) hydrochloric acid. For CeRuPO, crystals with an edge length of 2 mm were obtained in this way [32] .
Later, equimolar NaCl/KCl mixtures were used as flux media for crystal growth. In a typical experiment [22] , filings of the rare earth element, powder of the transition metal oxide (e. g. MnO or ZnO) and powder of red phosphorus were sealed in evacuated silica tubes together with a ca. fourfold weight of the flux medium. The temperature profile for the annealing procedure depends on the starting components. In some cases intermetallic precursor compounds can also be used. β -PrZnPO was prepared from PrZn 2 , Pr 6 O 11 , ZnO, and P in an atomic ratio 11 : 2 : 1 : 23 under salt flux conditions [22] . The salt flux can easily be dissolved in demineralized water. It is thus a good alternative to the tin flux, since no acidic medium is needed for flux dissolution.
Mostly the salt flux technique results in smaller quantities of well-shaped single crystals. For larger amounts of polycrystalline samples a ceramic route can be applied. The rare earth monopnictide (prepared by arc-melting or also via a ceramic route) is mixed with the transition metal monoxide and pelletized. The pellets are annealed in evacuated sealed silica tubes up to 1370 K (depending on the constituents). Sometimes regrinding and additional annealing procedures [16, 49] are necessary in order to obtain single phase products. Using this route, e. g. LaMnPO [33] and the series REMnSbO and REZnSbO [34] were obtained. Various doping methods for investigating the superconducting behavior with higher-or lower-valent metal cations have been introduced. Typical sources are zirconium metal or Ca 3 P 2 . The doping with fluoride can be performed via FeF 3 or the rare earth fluorides. Besides the transition metal oxides the rare earth metal oxides can also be used as oxygen sources.
The pnictide fluorides were synthesized with the difluorides of the alkaline earth (AE) elements as a fluoride source according to the general equation AEF 2 + AE + 2T + 2Pn → 2AET PnF. Sealed evacuated silica tubes were used as crucibles, and a special annealing sequence with a maximum temperature of 1170 K [35] was applied. The reaction mixtures were first heated at 770 K in order to account for the vapor pressure of the pnictogen in the initial reaction step. BaZnPF can also be synthesized via a metathesis reaction according to NaZnP + BaFCl → BaZnPF + NaCl [36] . The pnictide fluorides are stable in air.
The ZrCuSiAs-type hydrides were synthesized starting from the ternary intermetallic compounds. The latter can be obtained via arc-melting and subsequent annealing. As an example we give the synthesis conditions for CeCoSiH [37] . A CeCoSi ingot is first annealed under vacuum at 523 K for 12 h and then exposed to 4 MPa hydrogen gas at the same temperature. The hydrogenation procedure always induces a decrepitation of the starting ingot into small grains, and the resulting hydrides are stable in air.
The chalcogenide oxides were mostly prepared by classical solid state reactions. Starting materials were rare earth metals, rare earth sesquioxides, powders of the chalcogen, and copper powder [38] . The educts were all thoroughly mixed and ground to powders, pressed into pellets and annealed in evacuated silica tubes. The maximum annealing temperature depends on the chalcogen component. Longer reaction times up to 15 d and intermediate grindings may be necessary. In some cases, also freshly prepared copper(II) oxide (prepared by heating Cu(NO 3 ) 2 · 2H 2 O in air) can be used as an oxygen source [39] . Alternatively, also mixtures of La 2 S 3 , Cu 2 S, and La 2 O 3 can be used with alumina as crucible material. SrS is a suitable precursor for the synthesis of doped samples like La 1−x Sr x CuSO. Thin films of LaCuSO, and related sulfide oxides can effectively be prepared by radiofrequency sputtering [11] . Crystal growth of the CeAgSO [40] and RECuTeO (RE = La, Ce, Nd) [41] compounds can be ameliorated using small amounts of KCl and KI as flux reagents. Crystals of LaCuSO were obtained by heating a polycrystalline powder in an iodine atmosphere at 1373 K [42] .
Besides the classical solid state reactions, the sulfide oxides are also accessible through hydrothermal reactions at significantly lower temperatures [43] . BiCuSO was obtained from Bi 2 O 3 , Cu 2 O, and Na 2 S in a Teflonlined pressure vessel using water as solvent. In contrast to the solid state reaction, the maximum temperature for the hydrothermal reaction was only 520 K. Another approach for the synthesis of BiCuSO is the use of reactive precursor compounds. Hiramatsu et al. [44] used freshly prepared BiCu 3 S 3 (obtained from Bi 2 S 3 and Cu 2 S under a flow of a 5 % H 2 S and 95 % H 2 gas mixture at 570 K) and α-Bi 2 O 3 for the solid state reaction.
Platinum is a useful container material for the synthesis of fluoride sulfides. EuCuSF [45] was obtained from Eu, EuF 3 , Cu and S in 2 : 1 : 3 : 3 molar ratios in a NaCl flux in a sealed platinum ampoule at 1120 K. For the synthesis of the BaCuQF samples (Q = S, Se), CuS, CuSe, BaS, BaSe, Cu, and BaF 2 were used as starting reagents for the solid state reactions [38] at 720 K.
Crystal Chemistry
The ZrCuSiAs-type structure has more than 150 representatives. In Table 1 we have listed the basic crystallographic data of these compounds classified according to their p-element components [1, 8 -10, 13 -29, 32 -88] . As emphasized in Fig. 1 , these compounds are composed of two different layers, both with tetrahedral coordination patterns. The transition metal atoms have tetrahedral coordination by a heavier chalcogen or pnicogen atom, while the silicon, oxygen, and fluorine atoms fill the tetrahedral voids left by the electropositive elements. The different tetrahedral layers are stacked in an AB AB sequence. As emphasized below, chemical bonding within the layers has predominantly covalent character, while the interlayer bonding is of an ionic type.
Repeatedly, these materials have been classified as layer compounds; however, they do not meet the requirements for a layer structure, i. e. they have no van der Waals gap with weak interlayer bonding (such layers can easily be disrupted mechanically leading to softness of the material) like in graphite or molybdenum sulfide. Most of the ZrCuSiAs-type compounds are stable over a wide range of temperatures. So far, dimorphism with a rhombohedral NdZnPO type high-temperature modification has only been observed for CeZnPO and PrZnPO [19, 22] .
The oxides, fluorides, and the recently reported hydrides in this family of compounds can be described, to a first approximation, with simple ionic formula splittings, e. g. [40] . In the latter case, the different formation of defects has a drastic influence on the magnetic behavior (vide infra).
An important parameter for the physical properties is the interlayer distance between the two layer types. Hiramatsu et al. [44] have studied the crystal structures of the two series LaCuChO and BiCuChO (Ch = S, Se, Te) in order to get reliable values for the interatomic distances. The c parameters strongly increase from 856 (BiCuSO) to 952 pm (BiCuTeO) and from 852 (LaCuSO) to 934 pm (LaCuTeO). Consequently one observes significantly different distances and bond angles within the square prisms around the lanthanum (bismuth) atoms and within the CuCh 4 tetrahedra.
Chemical Bonding
The two-dimensional nature of the ZrCuSiAs-type structure reflects the chemical bonding pattern. Bonding interactions between atoms of different electronegativities are responsible for a more or less pronounced ionic character of the ZrCuSiAs-type compounds. The bonding scenario can be subdivided into three main aspects: Firstly, all compounds are stabilized by electron [89] . Electronic, optical and magnetic properties strongly depend on the character of the electronic states close to the Fermi level. In semiconducting closed shell systems like REZnPO, the energy gap occurs between the P-3p valence band and the conduction band made up of Zn-4s/P-3p antibonding states. The latter slightly hybridize with the 5d and 4 f orbitals of the RE atoms, which leads to subtle nuances of the gap and thus to different colors of the compounds [23] . But the band gap is also affected by interactions between the transition metal (d 10 ) atoms, as discussed for the RECuXO (X = S, Se) compounds [86] . A comparable scenario was reported for the sulfide oxide LaCuSO, which is a transparent ptype semiconductor with a band gap around 3 eV [90] . Band structure calculations and photoemission experiments have shown consistently that the valence band mainly consists of Cu states, hybridized with S-3p orbitals (Cu-S antibonding). The Cu-3d states are remarkably broadened probably due to direct Cu-Cu interactions, and thus the band gap is strongly affected by the metal-metal distances. Of course, the gap also depends strongly on the energy of the lowest conduction band levels, which are the Cu-4s in LaCuSO and the Zn-4s in REZnPO. Thus, the gap is mainly determined by the [CuS] or [ZnP] layers in LaCuSO and REZnPO, respectively. Consequently, a much smaller gap was observed in BiCuOS (1.1 eV), where the conduction band is formed by the lower lying Bi-6p orbitals [44] .
Metallic properties arise if the transition metal d shell is partially occupied. In this case, the Fermi level is always dominated by the d orbitals [89, 91] , more or less hybridized with the p orbitals of the particular main group element. According to the two-dimensional character, especially the d x 2 −y 2 and d xy orbitals of the metal atoms play a key role for the magnetic and presumably also the superconducting properties, because they generate flat bands leading to special Fermi surface features [89, 92] . The band filling puts these orbitals close to the Fermi level in the cases of LaFeAsO and LaFePO, but not of LaNiPO or LaNiAsO. This may be one reason for the fact that superconductivity occurs only at very low temperatures in the nickel compounds (T C < 4 K) and could not be increased by doping. From this it is assumed that the pairing mechanisms of phosphide oxide and arsenide oxide superconductors are different [92] .
The electronic structures and the influence of doping on the Fermi surface and magnetism of LaFeAsO and related compounds were intensively studied by theoretical methods [91, 93] . The calculated magnetic moments are mostly found too large (∼ 1 µ B ) in comparison with the experimental values (∼ 0.35 µ B ) [94] , which indicates that the theoretical description of the new materials is not yet under control. Most results support the view that spin fluctuations play an important rule for the pairing, but the exact mechanism remains to be seen in the future. However, this field is rapidly growing and outside the scope of this review.
Physical Properties

Magnetic behavior
Although a huge number of ZrCuSiAs-type compounds are known, only few of them have been studied with respect to their magnetic properties. The basic magnetic data are summarized in Table 2 . The investigated lanthanum compounds LaZnPO, LaZnAsO, LaZnSbO, LaCuSO, and LaCuTeO are all diamagnetic with only weak upturns of the susceptibilities at low temperatures, indicating only trace amounts of paramagnetic impurities. These data underline the closedshell d 10 character of copper in the two chalcogenides. Different behavior has been observed for LaMnPO [33] , where the manganese ions (Mn 2+ d 5 ) carry a magnetic moment and reveal ferromagnetic ordering at 320 K.
Susceptibility measurements of these diamagnets or Pauli paramagnets may be affected by ferromagnetic or antiferromagnetic impurity phases. Recent studies on Pauli-paramagnetic LaFePO [87] revealed Fe 2 P (T C = 266 K [97] ) and FeSn 2 (T N = 380 K [98] ) as minor byproducts. Especially ferromagnetic Fe 2 P might influ- ence the superconducting transition temperature (vide infra). Several cerium-based compounds were studied in detail with respect to their magnetic behavior. CeZnAsO [64] , CeZnSbO [64, 95] , CeCuSO [40, 79, 83] , and CeAgSO [40] are paramagnetic down to low temperatures without indications for magnetic ordering. Except CeCuSO, the experimentally determined magnetic moments are close to the free-ion value of 2.54 µ B for Ce 3+ . Takano et al. [83] recently reported that CeCuSO has a magnetic moment of only 1.62 µ B per formula unit, much smaller than the free-ion value, indicating intermediate-valent cerium. Specific heat measurements show a γ value of about 324 mJ mol −1 K −2 , pointing to heavy Fermion character. This is also supported by results of resistivity measurements. Independent susceptibility measurements by Ueda et al. [79] and Chan et al. [40] revealed higher magnetic moments of 2.1 µ B and furthermore, significant copper defects have been reported for CeCu 1−x SO [39, 79] which certainly strongly influence the magnetic behavior. Further investigations on this system are necessary in order to understand the magnetic and electronic behavior in more detail.
The intermediate cerium valence of several of the cerium based compounds was already evident from the plots of the cell volumes [39, 49, 79] . In view of these negative deviations of the cell volumes from the Iandelli plots it is interesting that the experimentally observed magnetic moment of CeFePO of 2.56 µ B is even slightly higher than the free-ion value [48] . CeFePO is a magnetically non-ordered heavy Fermion metal with a Kondo temperature of 10 K and a γ value of 700 mJ mol −1 K −2 . In contrast, ferromagnetic ordering at T C = 15 K has been observed for CeRuPO [51] , while LaRuPO is non-magnetic and behaves like a classical metal without anomalies down to 0.5 K. CeRuPO is a rare example of a ferromagnetic Kondo lattice system. The closely related compound CeOsPO orders antiferromagnetically at T N = 4.5 K, and the magnetic ordering temperature decreases with increasing field strength.
A much higher ordering temperature of 85(4) K has been observed for SmCoPO, originally reported as 'SmCoP' [21] . This behavior has been ascribed to the ferromagnetic ordering of the cobalt magnetic moments. For the paramagnetic range, a moment of 1.36(3) µ B per Co atom was deduced. UCuPO [13] has an even higher magnetic ordering temperature. The uranium magnetic moments show antiferromagnetic alignment below the Néel temperature of 220(2) K.
PrZnAsO, NdZnAsO [64] , PrZnSbO [95] , NdZnSb-O [64] , PrCuSO, and NdCuSO [79, 96] contain stable trivalent praseodymium and neodymium. The experimentally determined magnetic moments are in agreement with the corresponding free-ion values. All of these samples did not show magnetic ordering down to low temperatures (usually 4.2 K). The susceptibilities of PrCuSO and NdCuSO deviate from a simple CurieWeiss law due to crystal field effects. The corresponding crystal field parameters have been determined by Nakao et al. [96] using an operator equivalent method.
The arsenide oxide LaFeAsO shows a spin-densitywave instability around 150 K which is associated with an abrupt structural distortion [54, 55] . The latter is associated with long-range antiferromagnetic ordering below ca. 134 K [55] . Evidence for the structural distortion was obtained from high-resolution neutron powder and synchrotron X-ray diffraction experiments. While de la Cruz et al. [55] suggest a symmetry reduction directly to the monoclinic system (space group P112/n, but with constrained lattice parameters a and b), Nomura et al. [54] propose a symmetry reduction to the orthorhombic system, space group Cmma. On the basis of crystallographic groupsubgroup relations [99 -101] we consider the latter symmetry reduction as more probable since it is a simple translationengleiche transition of index 2 (t2) from P4/nmm to Cmma with a cell transformation a + b, a − b, c. In this way the a and b parameters of the superstructure cell are decoupled, and indeed one observes smaller a and larger b parameters in the ordered state [54] . The symmetry reduction to the monoclinic system requires at least two steps, and the constraints on the lattice parameters [55] are questionable.
A very interesting situation occurs for the quaternary hydrides CeCoSiH [37] , CeMnGeH, CeFeSi-H, CeCoGeH [68, 102, 103] , and CeRuSiH [70, 88] , which were obtained through hydrogenation of the ternary intermetallic silicides and germanides. This is in contrast to all other ZrCuSiAs-type compounds, which are only stable as quaternary variants. Hydrogenation of the antiferromagnetic compounds CeCoSi and CeCoGe leads to spin fluctuation behavior in CeCoSiH and CeCoGeH [102, 103] . In the sequence CeMnGe → CeMnGeH the magnetic ordering of the cerium substructure is suppressed [71] . The temperature dependence of the magnetization of CeMnGeH is characteristic of a ferromagnetic, ferrimagnetic, or canted magnetic system. Two ordering temperatures, T N 1 = 313 (2) and T N 2 = 41(2) K, have been observed. In the sequence CeRuSi → CeRuSiH, hydrogenation changes the moderate heavy Fermion system to an antiferromagnet (the hydrogen insertion diminishes the influence of the Kondo effect) with two ordering temperatures, T N1 = 7.5(2) and T N2 = 3.1(2) K [70, 88] . The hydrogen content of LaCoGeH was proven by 1 H MAS NMR [102] .
Superconductivity
The first report on superconductivity in the ZrCuSiAs-type compound LaFePO was published in 2006 [25] . Even though it appeared remarkable to find superconductivity in an iron compound, the transition temperature (T C ) of 3.5 K was not spectacular at that time. The same holds true for LaNiPO, which becomes superconducting at 4.5 K [26, 27] . The transition temperature of phase-pure LaFePO is probably higher because of the presence of ferromagnetic impurities in the samples (Fe, Fe 2 P). Those can reduce T C due to the permanent magnetic field inside the sample. By treating finely ground LaFePO with a magnet under liquid N 2 , it is possible to remove most of those impurities and to increase T C from 3.5 to 7 K. [87] .
The breakthrough came in February 2008, when Kamihara reported superconductivity at 26 K in LaFeAs(O 1−x F x ) [28] . Then Chinese groups took over, and even higher T C values followed quickly. By replacing the lanthanum ions with smaller rare earth ions, the T C increases strongly to 41 K in CeFeAs(O 1−x F x ), 52 K in PrFeAs(O 1−x F x ) and NdFeAs(O 1−x F x ) and reaches 55 K in SmFeAs(O 1−x F x ) [104] . These transition temperatures can be regarded as lower limits, because of occasional poor sample quality. LaFeAs(O 1−x F x ) samples synthesized under high pressure [105] showed superconductivity at 41 K instead of 26 K. The authors argued that the reason is a slightly smaller lattice parameter. However, the difference is very small, and this seems unlikely to be the origin of this enormous increase of T C . Moreover, the true fluoride content of the doped materials is unknown up to now. Most of the so far published REFeAs(O 1−x F x ) compounds contain significant amounts of impurity phases, among them REOF, which makes the true content of fluoride inside the structure unreliable. This is supported by the finding that fluoride-free, but oxygendeficient compounds REFeAsO 1−x become also superconducting between 30 and 55 K [61] .
The undoped parent compound LaFeAsO is not superconducting, but shows distinctive anomalies of the physical properties around 150 K. The electrical resistivity and magnetic susceptibility drop at this temperature as a consequence of a structural phase transition [54, 55] (vide ultra). The latter has been assigned to the lock-in of a spin density wave (SDW) into longrange antiferromagnetic ordering. The correlation between the structural and magnetic transition was also proved by 57 Fe Mössbauer spectroscopy [106, 107] (vide infra).
The structural and magnetic phase transition of LaFeAsO is successively suppressed by increasing doping with electrons or holes. Doped materials like LaFeAsO 0.85 F 0.15 (nominal) show no splitting of the 57 Fe Mössbauer signal, thus the magnetic ordering is also suppressed. Superconductivity emerges upon adding or removing 0.1 -0.2 electrons per formula unit. It is generally believed that the nature of the SDW transition in undoped LaFeAsO is one major key to understand superconductivity in iron arsenides, and that the SDW seems to be mandatory for higher transition temperatures. Indeed, this may be the reason for the low critical temperatures of the isostructural and isoelectronic phosphides REFePO, where the SDW transition is not observed [87] .
But even though several uncertainties, among them the role of the SDW transition as well as the exact chemical composition of the superconducting phases, still exist, the new ZrCuSiAs-type superconductors have heralded a new age of superconductivity research. Bulk superconductivity at critical temperatures above 50 K has not been observed since the discovery of the cuprate superconductors by Bednorz and Müller, more than twenty years ago [108] . Even if the pnictide oxide materials have not (yet) reached such high T C , their discovery will undoubtedly give a fresh impetus to the great issue of superconductivity, namely the still open question about the mechanism of Cooper pair formation at temperatures well above 40 K. Actually, more than twenty theories related more or less to the classical BCS theory of 1957, have not yet been able to explain the coupling of the conduction electrons in these material conclusively [109] .
Some properties of the ZrCuSiAs-type superconductors show similarities to those of the cuprates. In both cases, non-superconducting antiferromagnetic parent structures exist. These are La 2 CuO 4 in the case of the cuprates and LaFeAsO in the case of the pnictide oxides. Upon doping with holes or electrons, the antiferromagnetic state becomes unstable, and superconductivity emerges. But there are also differences. La 2 CuO 4 is an insulator, but LaFeAsO is a poor metal at r. t. This is due to direct orbital interactions between the iron atoms at distances of 285 pm, whereas no direct d orbital overlap occurs in the cuprates of the La 2 CuO 4 family.
Optical and opto-electronic properties
Depending on the transition metal and group V / VI component, the various ZrCuSiAs-type compounds show different color. The dimorphic (tetragonal ZrCuSiAs-type low-, and rhombohedral NdZnPO-type high-temperature modification) REZnPO phosphide oxides are transparent with light-yellow to dark-red color [22, 23] . According to these relatively large band gaps, the model of ionic formula splitting discussed above is best applicable to these compounds. Single crystal absorption spectra measured for REZnPO (RE = Y, La, Pr, Nd, Sm, Dy) in the nir/vis region reveal unexpected variations for the optical band gap of these phosphide oxides. For RE = Pr, Nd, Sm, Dy, and Ho f -f electronic transitions with well-resolved ligand-field splittings are observed in the range 6000 -20000 cm −1 . DFT band structure calculations show similarity between the valence bands of tetragonal and rhombohedral REZnPO which possess mainly P-3p character. In both cases, the conduction bands have mainly Zn-4s character, but a significant contribution of RE-5d occurs in rhombohedral REZnPO, which is responsible for a smaller optical band gap for the latter compounds. Variations of the energy gaps of tetragonal REZnPO can be explained by hybridization of Zn-4s + RE-5d + RE-4 f orbitals for the conduction band.
With the heavier group V and group VI elements, the band gaps become smaller, and the compounds are black. Some of them are even metallic. To give an example, experimental data show optical band gaps of E g < 0.73 and 0.71 eV for the black compounds CeCu 0.8 SO (p-type semiconductor) and CeAgSO at 298 K, respectively [40] . These values compare well with the results of electronic structure calculations. The experimental optical band gaps for LaCuTeO and NdCuTeO are 2.31 and 2.26 eV, respectively [41] . According to positive values of the Seebeck and Hall coefficients, these compounds have p-type semiconductivity. Electronic structure calculations of these materials have revealed that the larger dispersion of the Cu 3d orbitals and the presence of Te 5p states near the valence band maximum (VBM) are responsible for the larger hole mobility of LaCuTeO as compared to LaCuSeO and LaCuSO.
The full ionic formula splitting is also valid for the fluoride sulfides. Grossholz and Schleid [45] observed emerald-green color for the platelet-shaped crystals of EuCuSF. Also SmCuSeF [74] shows deep color, while the fluoride BaZnPF [36] is brownish, indicating a smaller band gap. Upon doping, p-type semiconductivity occurs for the solid solutions Sr 1−x Na x CuSF and SrCuSO x F 1−x [73] .
Besides the studies of recently discovered superconductivity in the pnictide oxides, the so far broadest investigations for ZrCuSiAs-type materials were performed for the oxysulfides [12] . In their first report Ueda et al. [11] studied La 1−x Sr x CuSO (x = 0, 0.05) thin films prepared by radio-frequency sputtering [110] which showed high optical transmission of > 70 % in the visible and near-infrared region and an energy gap of 3.1 eV. These materials are p-type semiconductors with a sharp photoluminescence peak at the optical absorption edge. The investigations have also been extended to include other diamagnetic rare earth elements, i. e. YCuSeO and LaCuSeO [86] .
The widegap oxychalcogenides LaCuChO (Ch = chalcogen) are an outstanding family of materials, since widegap p-type conduction is rather difficult to realize. Furthermore, these materials exhibit high hole mobility, degenerate p-type conduction, r. t. exciton properties, and large third order optical nonlinearity. All these highly interesting features have been summarized recently in a review by Hiramatsu et al. [12] . These authors also discuss a first application. It is possible to run a blue light-emitting diode at r. t. using an pn hetero-junction composed of an LaCuSO epilayer and an n-type amorphous InGaZn 5 O 8 [12] .
The concentration of lattice imperfections is an important parameter influencing the optical properties and the conduction behavior. Takase et al. [111] treated bars of LaCuSO under different thermal conditions, i. e. (a) 1070 K for 6 h, (b) 1170 K for 6 h, and (c) 1170 K for 40 h. An increase of lattice imperfections (evident also from the X-ray powder data) was found to increase the intensity of the wide emission bands, and drastically decrease the specific resistivity with increasing annealing time. Another important parameter determining the resistivity behavior is doping. Koyano et al. [85] studied the whole series (La 1−x Ca x )Cu 1−x T x SO (T = Mn, Co, Ni, Zn). Small changes in the interlayer distances shift the specific resistivity by several decades.
So far, ionic conductivity has only been reported for LaAgSO [8] . The single crystal X-ray data [9] revealed an enlarged displacement parameter for the silver atoms, although refinement of the occupancy parameters showed full occupancy. Electrochemical measurements with a cell + Ag/LaAgSO/Pt − showed essentially ionic conductivity in the temperature regime 298 to 523 K with an activation energy of 0.195 eV. Considering the defects on the transition metal sites of other copper and silver containing RECuSO and REAgSO compounds (vide ultra), one can also expect some copper and silver mobility in these materials.
Mössbauer spectroscopy
The three iron-based compounds LaFePO [87] , LaFeAsO and LaFeAsO 0.89 F 0.11 [106, 107] have been characterized by temperature dependent 57 Fe Möss-bauer spectroscopy. Spectra of LaFePO at 298, 77, 4.2 and 4 K showed single signals at isomer shift values around 0.35 mm s −1 , subject to weak quadrupole splitting [87] . At 4 K, a symmetric line broadening appears, resulting from a small transferred magnetic hyperfine field of 1.15(1) T, accompanied by an angle of 54.7(5) • between B hf and V zz , the main component of the electric field gradient tensor.
The different electronic states of iron in LaFeAsO and fluoride-doped LaFeAsO 0.89 F 0.11 were studied in detail by 57 Fe Mössbauer spectroscopy [106, 107] . The 57 Fe spectra proved spin ordering in LaFeAsO and its suppression upon doping. The isomer shifts of the arsenide oxides are close to the data observed for the phosphides. Below the antiferromagnetic ordering (T N = 138 K), LaFeAsO shows full magnetic hyperfine field splitting with a hyperfine field of 4.86 T [106] . The magnetic moment at the iron atoms was estimated to be in the range 0.25 -0.35 µ B per Fe atom.
The REMnSbO (RE = La, Ce, Pr, Nd, Sm, Gd) and REZnSbO (RE = La, Ce, Pr) antimonide oxides were also studied via 121 Sb Mössbauer spectroscopy [34] . In agreement with the crystal structure, all antimonides show single signals at isomer shifts ranging from −7.82 (LaMnSbO) to −8.37 mm s −1 (PrZnSbO). According to the ionic formula splitting discussed above the RETSbO compounds contain Sb 3− pnictide anions. This Zintl anion also occurs in the alkali metal antimonides A 3 Sb (A = Li, Na, K, Rb) with comparable isomer shifts of −7.3 mm s −1 for Li 3 
Conclusions and Outlook
So far, more than 150 representatives with the tetragonal ZrCuSiAs-type structure (tP8) are known. These materials have intensively been investigated in the last 15 years with respect to their highly interesting physical properties: (i) the chalcogenides LaCuChO are widegap semiconductors with unique optoelectronic properties and with substantial potential for LED application and optoelectronic devices, (ii) compounds like the ferromagnetic Kondo system CeRuPO are highly attractive materials for basic research, and (iii) several of the pnictide oxides have outstanding superconducting properties. In view of the rapidly growing work in this new research field (several new contributions are published daily on the preprint server (arXiv.org) of the Cornell University Library) we can expect further interesting results in the near future.
